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Abstract. Ion trap mass spectrometry (ITMS) was used to obtain further qualitative information
about the chemical composition of humic-like substances (HULIS) in atmospheric particulate mat-
ter. Particles ≤10 µm (PM10) were collected on quartz fiber filters for 24 h in the region of Basel
(Switzerland) and extracted with water. HULIS were separated from inorganic salts by size exclusion
chromatography (SEC) and detected by electrospray ionization in the negative ion mode (ESI(−)).
Series of consecutive fragment ion spectra (MSn) were recorded by ITMS. Full scan mass spectra of
the extracts showed a mass distribution pattern characteristic for HULIS. Different molecular ions
were selected from this pattern for further fragmentations. Among them the molecular ion m/z 299
was considered as representative and intensively studied. Many MS2 and MS3 fragment spectra con-
tained a fragment m/z 97 and a neutral loss of 80 u. Time-of-flight (TOF) MS and deuterium exchange
experiments identified m/z 97 as hydrogen sulfate. MS2 and MS3 fragment spectra supported the ex-
istence of sulfate covalently bound to HULIS. The fragmentation behavior of sulfated HULIS could
be confirmed by model compounds.
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1. Introduction

Particulate matter in the atmosphere has an important influence on atmospheric
processes and on our climate. Atmospheric aerosols have a direct effect on solar
radiation mainly due to absorption and scattering (Brimblecombe, 1996; Seinfeld
and Pandis, 1998; Jacobson et al., 2000). They can cause a warming or cooling
effect depending on size, optical properties, chemical composition and abundance.
Currently, a global cooling effect of ca. −0.5 to −2.0 Wm−2 is assumed (Seinfeld
and Pandis, 1998; Jacobson et al., 2000). Furthermore, atmospheric aerosols influ-
ence the climate indirectly by acting as cloud condensation nuclei (CCN) (Novakov
and Penner, 1993; Seinfeld and Pandis, 1998). An increased emission of aerosols
to the atmosphere generates a higher concentration of CCN, which, in turn, pro-
vokes a higher concentration of droplets with smaller radii in clouds. The result
is an increased reflection of solar radiation from these clouds back to space and
hence a cooling effect. Furthermore, the cloud size and its lifetime may also increase
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(Seinfeld and Pandis, 1998). Responsible for the cloud condensation effect of atmo-
spheric aerosols are mainly water-soluble organic substances and inorganic salts,
especially sulfate (Novakov and Penner, 1993; Seinfeld and Pandis, 1998). The con-
tent of sulfate in atmospheric aerosols can reach 39% of all water-soluble species
(Kiss et al., 2000). Sulfate is directly emitted or generated by oxidation of sulfur
dioxide (SO2), dimethyl sulfide and hydrogen sulfide (Brimblecombe, 1996). Dom-
inant natural sources include weathering of rocks and soil, volatile biogenic sulfur
emissions from land and oceans as well as volcanoes. Combined natural sources
are estimated to release globally between 80–120 ×106 t of SO2. In 1995 global
anthropogenic SO2 emissions were estimated to 142×106 t (UNEP, 2002). Around
175 × 106 t of sulfate are transferred annually from the oceans to the continents
(Brimblecombe, 1996).

A considerable effort has been undertaken to characterize the chemical
composition of atmospheric aerosols. Currently, inorganic components are well
studied. Many non-polar compounds of the water-insoluble fraction have also
been characterized (Jacobson et al., 2000). However, little is known about polar
and water-soluble organic compounds (WSOC), which account for 20 to 70% of
the total organic carbon (Saxena and Hildemann, 1996; Facchini et al., 1999; Kiss
et al., 2000; Krivacsy et al., 2001). Polycarboxylic acids or humic-like substances
(HULIS) constitute around one quarter of the WSOC (Fuzzi et al., 2002) and have
been mainly studied by spectroscopic methods such as NMR, UV/VIS and fluores-
cence spectroscopy (Zappoli et al., 1999; Fuzzi et al., 2001; Suzuki et al., 2001).
Polycarboxylic acids were identified by high performance liquid chromatography
(HPLC) in combination with UV/VIS detection (Fuzzi et al., 2002). A recent study
identified polymeric compounds as a major part of atmospheric organic aerosols us-
ing laser desorption ionization mass spectrometry (Kalberer et al., 2004). Moreover,
the average molecular weight of HULIS isolated from fine atmospheric aerosols
was estimated (Kiss et al., 2003). Identification of single compounds was at-
tempted by comparing MS/MS fragment spectra of model compounds with HULIS
(Cappiello et al., 2003). Nevertheless, a much more detailed characterization by
mass spectrometry is necessary for a better understanding of the chemical nature of
HULIS.

This work had the aim to obtain more structural information of HULIS by elec-
trospray ionization mass spectrometry in the negative ion mode (ESI(−)-MS). ESI
provides soft ionization and little fragmentation of labile compounds. Substruc-
tures of HULIS should be investigated by further fragmentation. For this purpose
an ion trap mass spectrometer and multiple mass spectrometry (MSn) were used in
combination with size exclusion chromatography (SEC) to separate HULIS from
inorganic salts and other WSOC. The combination of mass spectrometry and SEC
should offer considerable advantages concerning isolation and detection of HULIS
as well as its structural characterization compared to off-line methods of sample
pretreatment.
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2. Experimental

2.1. REFERENCE MATERIALS AND CHEMICALS

Octyl sulfate (Fluka, Switzerland), 2-hydroxy-5-sulfobenzoic acid (Fluka,
Switzerland), 2-hydroxy-5-nitrophenyl sulfate (Aldrich, Switzerland) and 5-
bromo-4-chloro-3-indolyl sulfate (Acros, Belgium) were used as model compounds
and were of ≥95% quality. Humic acid (Aldrich, Switzerland, catalogue number
H1,675-2) and nordic aquatic fulvic acid (International Humic Substances Society,
IHSS, USA, catalogue number 1R105F) were used as reference. Ammonium sul-
fate was obtained from Fluka (Switzerland). Acetonitrile (Multisolvent, HPLC) was
purchased from Scharlau (Spain), and water was processed by an Elgastat Maxima
HPLC water purification unit (Elga Ltd., UK). D2O was purchased from Cambridge
Isotope Laboratories Inc. (USA). Helium of 99.996% (Carbagas, Switzerland) and
Nitrogen of 99.5% purity from a high-purity nitrogen generator (NM30L; Peak
Scientific Instruments, UK) were used.

2.2. SAMPLING AND SITES

Exposed quartz fiber filters (diameter 150 mm, QF 20, Schleicher & Schuell,
Germany) were provided by the Lufthygieneamt beider Basel (Office for air hy-
giene of both Basel, Switzerland). The quartz fiber filters were not pretreated. A
DHA-80 high volume sampler (Digitel AG, Switzerland) was used at a flow rate of
30 m3h−1. The sampling period was 24 h. Particulate matter ≤10 µm (PM10) was
collected by corresponding impactor settings. Filters assigned as QF 53 (16 mg
of PM10, 21.07.2003), QF 48 (22 mg of PM10, 14.08.2003), QF 46 (18 mg of
PM10, 10.09.2003) and QF 34 (17 mg of PM10, 23.12.2003) were exposed at
Feldbergstrasse (City of Basel, Switzerland, 47◦43′N, 7◦35′E). Filters QF 87 (9 mg
of PM10, 28.01.2003), QF 79 (25 mg of PM10, 17.04.2003) and QF 74 (17 mg
of PM10, 11.05.2003) were exposed at Zürcherstrasse (City of Basel, Switzerland,
47◦43′N, 7◦35′E). In addition, filters QF 92 (24.1 mg of PM10, 19.10.2001), QF 117
(21.9 mg of PM10, 15.10.2001) and QF 119 (23.1 mg of PM10, 17.10.2001) were
sampled on a rural site close to the city of Basel (Laufen, Switzerland, 47◦25′N,
7◦30′E).

2.3. SAMPLE PREPARATION

Filters were cut into small pieces with a metallic pizza cutter before extraction. The
pieces were transferred to a 100 ml flask (Schott, Germany). 52 ml of water (0.3 ml
cm−2) were added and shaken overnight by a shaker. The resulting slurry of quartz
fibers and water was filtered through a glass fiber filter (GF 55, Ø25 mm, Schleicher
& Schuell, Germany, preheated at 300 ◦C) and an underlaid nitrocellulose mem-
brane filter (NC 03, Ø25 mm, 0.025 µm pore size, Schleicher & Schuell, Germany,
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no pretreatment) using a filtration apparatus with a perforated PTFE coated strainer
(Selectron-GV, Schleicher & Schuell, Germany). The filtration apparatus and the
filters were rinsed with water before filtration. After filtration the apparatus and
the filters were washed with 10 ml of water. The clear yellowish extract of totally
62 ml was used for characterization by SEC-ESI(−)-MSn without further prepara-
tion. Extracts of QF 117 and QF 119 were combined, evaporated to dryness and
re-dissolved in D2O. Evaporation was performed at 40 ◦C to avoid thermal decom-
position. Blanks were taken of the filtration apparatus, of all filters and of the water.
There were insignificant compound quantities compared to real samples.

2.4. SIZE EXCLUSION CHROMATOGRAPHY

A column of 250 mm length and 4 mm i.d. filled with BioBasic-18 (C18 phase,
5 µm particle size and 300 Å pore size (Thermo Electron, USA) was used. Sep-
aration was performed isocratically with 30 + 70 (v/v) water/acetonitrile using a
Rheos 2000 pump (Flux Instruments, Switzerland) at a flow rate of 250 µl/min.
The mobile phase was previously degassed with a HP 1050 series degasser unit
(Hewlett Packard, USA). Samples were injected with a PAL autosampler (CTC
Analytics, Switzerland) in the partial loop mode. The injected volume was 10 µl.

2.5. MASS SPECTROMETRY

An ion trap mass spectrometer (LCQ classic, ThermoFinnigan, USA) was employed
in the ESI negative ion mode. The following parameters were applied: sheath gas
flow (nitrogen) 60 arbitrary units (arb), auxiliary gas (nitrogen) 0 arb, spray voltage
4.5 kV, heated capillary temperature 230 ◦C, capillary voltage −10.5 V and ion
time maximum 500 ms.

An ESI time-of-flight mass spectrometer (ESI-TOF) (LCT, Waters-Micromass,
UK) was used in the negative ion mode for accurate mass measurements. The
measurements were performed by flow injection (10 µl loop) to 50 + 50 (v/v)
water/acetonitrile at a flow rate of 200 µl/min. The parameters were applied as
follows: capillary voltage 3 kV, sample cone voltage 40 V, and source temperature
80 ◦C, desolvation temperature 100 ◦C, nebulizer gas flow 90 l h−1 and desolvation
gas flow 470 l h−1. Phosphate and its dimer and trimer were used as lock masses.
Mass accuracy of the ESI-TOF was 3 mDa for the mass range m/z 100–300.

2.6. DATA TREATMENT

SEC chromatograms usually present signal intensity versus elution volume. How-
ever, for practical reasons intensity was plotted against retention time in this work.
The background in a 1 min time window between 1 to 5 min was subtracted from
chromatograms obtained in the full scan mode with Xcalibur software (Thermo
Electron, USA).
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3. Results and Discussion

3.1. CHROMATOGRAPHIC SEPARATION

A conventional semi-analytical aqueous SEC column (PL aquagel-OH 30, 7.5 mm
diameter, 300 mm length) filled with a standard polymeric stationary phase (poly-
methacrylate/polyglycol gel, 8 µm particle size, 100–100.000 Da) was used for first
separations employing as mobile phase 80 + 20 (v/v) water/acetonitrile at a flow
of 400 µl/min. The same column has been used to separate fulvic and humic acids
(These and Reemtsma, 2003). However, too long retention times were observed
increasing the risk of irreversible adsorption. HULIS are very polar and thus hardly
retained on C18-reversed phases. Therefore, a C18-phase with 300 Å pore size was
used to combine SEC effects of the large pores with the inertness of the surface.

Preseparation of HULIS by solid phase extraction (SPE) as described by
Limbeck and Puxbaum (1999) and Varga et al. (2001) was not necessary. The
partial separation by HPLC was sufficient if combined with the selectivity of mul-
tiple mass fragmentation. Furthermore, only masses being part of the mass signal
pattern of HULIS were chosen for multiple fragmentation to decrease the risk of
interferences. The mass signal pattern of HULIS showed more intense odd number
masses with maxima every 14 u within the mass range m/z 150–400 (Figures 2B
and C). They probably originate from different degrees of saturation and variable
chain lengths of HULIS (Kiss et al., 2001; Capiello et al., 2003; Kiss et al., 2003;
Kalberer et al., 2004). Moreover, the more intense odd number masses probably
contained no nitrogen. Even number masses were less intense and may accommo-
date an odd number of nitrogen atoms.

The main part of the WSOC in the filter extracts eluted between ca. 5.5–12 min
as shown in Figure 1A for sample QF 34. Inorganic ions such as sulfate were
partly separated from WSOC (retention time window 5.2–7.7 min, see extracted
ion chromatogram for HSO−

4 in Figure 1B). A first fraction of WSOC eluted at
7.6 min together with inorganic sulfate. Figure 2A shows that HSO−

4 (m/z 97)
was base ion within this time window and that the mass signal pattern of HULIS
was present at a relative intensity of 5%. The main fraction of WSOC started to
elute at 8 min immediately after inorganic sulfate (Figure 2B). The signal pattern
of HULIS was characterized by masses between m/z 150–400 and more intense
odd than even mass signals as already described by Kiss et al., 2003 (see expanded
range of Figure 2C).

3.2. MASS SPECTROMETRIC DETECTION AND FRAGMENTATION

The presence of mass m/z 97 in the full scan spectrum (Figure 2B) after the elution
of inorganic HSO−

4 (m/z 97 in Figure 2A) was first interpreted as the presence of
an organic compound with the same mass. TOF experiments gave an exact mass of
m/z 96.9647. This allowed to exclude organic compounds such as C4HO3, C5H5O2

or C6H9O. Only H2PO−
3 and HSO−

4 with the calculated monoisotopic masses of
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Figure 1. ESI(−) SEC chromatogram of filter extract QF 34. (A) Total ion chromatogram
(TIC, m/z 70–100, 100% = 1.5 × 108 counts). (B) Extracted ion chromatogram of m/z 97
(100% = 9.9 × 106 counts).

96.9691 u (45 ppm off) and 96.9596 u (53 ppm off) were valuable options. However,
a clear distinction between H2PO−

3 and HSO−
4 was not possible at this stage.

Therefore, the mass change in D2O was evaluated using continuous-flow-
injection with a syringe pump. This mode gave slightly different but well recog-
nizable mass spectra compared to the SEC separation. Exchange of H by D should
result in m/z 97 (H2PO−

3 ), 98 (HDPO−
3 ) and 99 (D2PO−

3 ) for H2PO−
3 and was con-

firmed by ammonium phosphate with relative abundances of 100% for HDPO−
3 ,

and 50% for H2PO−
3 and D2PO−

3 . However, the full scan spectrum (Figure 3A)
showed only m/z 98 (DSO−

4 , base ion) and m/z 97 (HSO−
4 , 90%). At m/z 99 only

background noise was present. Therefore, the mass m/z 97 in the full scan spectra
could be identified as HSO−

4 .
The possible presence of sulfated HULIS as part of WSOC was investigated by

fragmenting additionally odd number masses belonging to the mass signal pattern of
HULIS. Filters QF 34, QF 117 and QF 119 were chosen in a first round. Candidates
for further MSn experiments were selected from the SEC signal around 8 min within
the mass range m/z 220–320 (Figure 2C). It contained the main part of the mass
signal pattern of HULIS in the range m/z 150–400. Furthermore, the possibility
of multiple charged masses was investigated. The zoom scan mode proved their
absence in the mass signal pattern of the HULIS. The fragmentation of m/z 299
belonging to the mass distribution pattern of HULIS was representative for many
other masses such as m/z 229, 265 and 279. Therefore, more detailed investigations
were carried out with this single mass.
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Figure 2. ESI(−) full scan spectra from filter extract QF 34 (see Figure 1). (A) Full scan
spectrum (m/z 70–500, 100% = 6.3 × 106 cps) at 7.6 min. (B) Full scan spectrum (m/z 70–
500, 100% = 1.1 × 106 cps) at 8 min. (C) Expanded full scan spectrum of (B) (m/z 220-320,
100% = 9.1 × 105 cps) at 8 min.

The MS2 spectrum of m/z 299 (Figure 4A) showed the typical fragmentation
behavior of HULIS. Fragment m/z 281 corresponded to the loss of OH as water
(−18 u) and m/z 255 of CO2 from carboxyl groups. The fragment m/z 219 was
base ion and resulted from the cleavage of 80 u (SO3). Further losses of H2O could
be assigned to fragment ions of lower intensity (e.g. m/z 237 and 201). HSO−

4 (m/z
97) had a relative intensity of ca. 70%.

The fragments m/z 281, m/z 255 and m/z 219 were further dissociated and
their MS3 spectra recorded (Figures 4(B–D)). Sufficient selectivity was obtained
by isolating and fragmenting m/z 299 (MS2) as well as the subsequent isolation
and fragmentation of its product ions m/z 281, m/z 255 and m/z 219 (MS3).
Fragmentation of m/z 281 resulted in loss of H2O (m/z 263), CO2 (m/z 237) and
again 80 u (m/z 201). Mass m/z 97 (HSO−

4 ) was present at a relative intensity of
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Figure 3. ESI(−) mass spectra recorded by continuous flow injection of WSOC in D2O solution
of combined extracts (filter QF 117 and 119). (A) Full scan spectrum (m/z 70–350, 100% =
7.1 × 105 cps). (B) MS2 fragment spectrum of m/z 299, m/z 80–300 (isolation width 1.5 u
indolyl sulfate, collision energy 30%, 100% = 3.0 × 104 cps). (C) MS3 fragment spectrum
of m/z 299 → m/z 255, m/z 80–300 (isolation width 2.0 u, collision energy 30%, 100% =
1.3 × 104 cps).

30%. The fragmentation behavior of m/z 255 was similar to m/z 281 yielding as
main fragments m/z 211 (−CO2) and m/z 237 (−H2O). Again, m/z 175 (−80 u)
and m/z 97 (HSO−

4 ) were observed. However, the fragmentation behavior of m/z
219 was significantly different. Only the losses of H2O (m/z 201) followed by CO2

(m/z 157) and CO2 alone (m/z 175) were observed. Cleavage of 80 u and the HSO−
4

fragment at m/z 97 were missing. This suggested that loss of 80 u and presence
of HSO−

4 are linked together. Moreover, MS2 and MS3 fragmentation experiments
with D2O (Figures 3B and C) of m/z 299 (Figure 2C) formed both m/z 97 (HSO−

4 )
and m/z 98 (DSO−

4 ). This proved that fragmentation of HULIS also form m/z 97.
The remaining filters showed a similar fragmentation behaviour and confirmed the
findings independent of season and sampling site.
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Figure 4. Fragment spectra from extract QF 92 (isolation width 1.5 u, collision energy 30%).
(A) MS2 fragment spectrum of m/z 299, m/z 80–300 (100% = 5.6 × 104 cps). (B) MS3

fragment spectrum of m/z 299 → m/z 281, m/z 80–300 (100% = 3.2 × 103 cps). (C) MS3

fragment spectrum of m/z 299 → m/z 255, m/z 80–300 (100% = 3.6 × 103 cps). (D) MS3

fragment spectrum of m/z 299 → m/z 219, m/z 80–300 (100% = 4.3 × 103 cps).

The MS2 spectra of m/z 299 formed from humic and fulvic acid extracts were
studied to evaluate further the presence and formation of m/z 97. They showed a
very similar fragmentation as HULIS. However, the fragments m/z 219 and m/z 97
had a very low relative intensity of ca. 4% and 0.4%, respectively. Moreover, fulvic
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Table I. Fragmentation behavior by ESI(−)-MSn of octyl sulfate (1), 2-hydroxy-5-sulfobenzoic
acid (2), 2-hydroxy-5-nitrophenyl sulfate (3) and 5-bromo-4-chloro-3-indolyl sulfate (4)

Compound [M-H]− MS2 fragments MS3 fragments

(1) Octyl sulfate m/z 209 → m/z 97 (HSO−
4 ) –

(2) 2-Hydroxy-5- m/z 217 → m/z171 (−46 u)

sulfobenzoic acid → m/z 137 (−80 u) → m/z 93 (−44 u)

(3) 2-Hydroxy-5- m/z 234 → m/z 154 (−80 u, −SO3) → m/z 124 (−30 u, −NO)

nitrophenyl sulfate

(4) 5-Bromo-4-chloro-3- m/z 324 → m/z 244 (−80 u, −SO3) → m/z 182 (C8H5NO2Cl)

nindolyl sulfate → m/z 79, 81 (79Br, 81Br)

acid and humic acid solutions were spiked with 50 mM ammonium sulfate. No
increase of the relative intensity of m/z 97 was observed. This allowed to exclude
m/z 97 as an artifact due to adduct formation with HSO−

4 . All these experiments
demonstrated, that m/z 97 is a real fragment of HULIS and thus HSO−

4 covalently
bound.

3.3. MODEL COMPOUNDS

To confirm the observed fragmentation behavior and to link it further to sulfated
HULIS, the fragmentation of model compounds (Table I) was investigated. MS2

fragmentation of octyl sulfate (1) gave the expected m/z 97 (HSO−
4 ) fragment.

Both 2-hydroxy-5-nitrophenyl sulfate (3) and 5-bromo-4-chloro-3-indolyl sulfate
(4) lost 80 u (SO3) and gave the fragments m/z 234 and m/z 324, respectively.
The model compounds (1), (3) and (4) provided also an answer to the simultaneous
appearance of m/z 97 (HSO−

4 ) and −80 u (SO3) in the MS2 and MS3 spectra
of HULIS. A loss of 80 u (SO3) and m/z 97 (HSO−

4 ) was observed, if sulfate
was attached to a π -electron system containing electron withdrawing groups as
in (3) and (4). A reason could be the stabilization effect of the π -electron system
on the sulfate. The fragment m/z 97 (HSO−

4 ) was present alone, if sulfate was
attached to a purely aliphatic or aliphatic-behaving system, which was confirmed by
(1). In this case no stabilization of the sulfate occurred. 2-hydroxy-5-sulfobenzoic
acid (2) showed only a loss of 80 u (SO3) as expected for sulfonated organic
compounds.

Apparently, the appearance of simultaneously a loss of 80 u and m/z 97 or of m/z
97 alone seem to be indicators for covalently bound sulfate. However, sulfonic acid
groups as a further origin for −80 u (SO3) cannot be excluded. Furthermore, a com-
bined presence of sulfonic acids losing −80 u and covalently bound sulfate yielding
m/z 97 requires a humic-like molecule with a mass of >177 u. The polycarboxylic
nature of HULIS and the mass range of the studied HULIS (m/z 150–400) makes an
simultaneous occurrence of both groups in the same molecule not very much likely.



ORGANOSULFATES IN ATMOSPHERIC AEROSOLS 293

4. Conclusions

The MS2 and MS3 fragment spectra provided enough evidence that m/z 97 is
not an artifact. In addition, mass determination by TOF-MS excluded an organic
structure, and fragmentation with D2O-solution provided the proof that m/z 97 is
HSO−

4 . Altogether these facts make it very likely that HSO−
4 is covalently bound

to HULIS. However, since both sulfonation and sulfation of HULIS are possible
in the atmosphere, −80 u (SO3) could not be clearly associated to sulfonated or
sulfated HULIS. Both sulfated and sulfonated model compounds showed a loss of
−80 u (SO3).

Moreover, it could be shown that sulfation of HULIS is likely, but this study did
not allow to differentiate between a sulfation process of HULIS in the atmosphere,
on the filter after collection or in the extract solution. Generally, sulfation occurs
either by addition of sulfuric acid to alkenes or by esterification of an alcohol with
sulfuric acid. The possibility of enzymatic sulfation is remote. Considering the
chemical conditions for a sulfation (water, sulfate/sulfuric acid and HULIS), the
possibility of sulfation in aerosol droplets in the atmosphere is real, but sulfation
can also happen on the filter or in the extract solution.

Therefore, further investigations should be performed by sulfation of model
compounds in a reaction chamber, which was not available for this study. HULIS
should be generated in a smog chamber when SO2 or sulfate is present. Furthermore,
the aging of HULIS should be studied, as there might be a correlation with the degree
of sulfation. An estimation of the quantity of the sulfated HULIS fraction makes
first sense after having confirmed its atmospheric origin. However, this is a difficult
task, since the ionization yield in ESI(−) is very structure dependent and ionization
suppression by the remaining sample matrix is possible.
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